Background: Increased lateral tibial posterior slope (LTPS) is associated with higher anterior cruciate ligament (ACL) reconstruction (ACLR) failure rate. Transportal central femoral footprint ACLR is associated with higher failure rate compared to transtibial high anteromedial footprint ACLR due to graft anisometry. The purpose of this study was to investigate whether the influence of tibial slope on ACL graft failure risk is dependent on graft positioning. Material: Of the 1480 consecutive hamstring ACLRs, 30 transportal (central femoral tunnel placement) and 30 transtibial (high anteromedial tunnel placement) ACLR failures were evaluated and matched one-to-one with non-failure control participants by age, sex, graft and surgical technique. Lateral tibial slope was assessed on MRI. Results: The risk of graft failure in the transportal group increased by 40.5% per degree of increasing LTPS (odds ratio 1.4; 95% confidence interval 1.05-1.87; p ¼ 0.02). The transportal failure group showed a significantly higher mean tibial slope of 8.6 compared to both the transportal control group with 7.1 (p ¼ 0.03) and the transtibial failure group with 7.2 (p ¼ 0.04). Increased tibial slope was associated with shorter time to reconstruction failure (p ¼ 0.002). The difference between slopes in the transtibial failure group (7.2 ) compared to the transtibial control group (7.1 ) was not significant (p ¼ 0.56). Conclusion: Increased LTPS is associated with significantly increased risk of graft failure only in transportal ACLR, not in transtibial ACLR. Slope-related graft strain may be potentiated by anisometric ACL graft placement.
Introduction
The anterior cruciate ligament (ACL) is essential for stable knee kinematics, limiting tibial rotation as well as anterior tibial translation. Reconstruction of the ACL is indicated to improve knee stability showing overall satisfactory results and relatively low revision rates. [1] [2] [3] [4] However, poorer outcomes are seen after ACL revision surgery compared to primary reconstruction. 1 Consequently, numerous studies have investigated factors that may contribute to the aetiology of ACL failures to deepen the knowledge and understanding of ACL failure pathology. [5] [6] [7] [8] [9] [10] [11] In addition to physiological factors such as neuromuscular control, the geometrical shape of the knee joint including the intercondylar notch and the posterior tibial slope has been identified to increase the susceptibility of ACL injuries and reconstruction failures. 7, 12, 13 However, the influential strength of these geometrical factors on ACL injury susceptibility remains unknown. In addition, little is known about the influence of slope on ACL reconstruction (ACLR) failures. Christensen et al. found that tibial posterior slope is 1 Aarhus University Hospital, Aarhus, Denmark 2 Middlemore Hospital, Auckland, New Zealand increased in patients with early graft failure after cruciate ligament reconstruction; a 6 increase of tibial slope resulted in a 10 times higher risk of ACL graft failure. 14 However, ACL injury pathology is multifactorial, and there is no consensus in the literature regarding a specific tibial cut-off slope that is related to a higher risk of ACL injury. The susceptibility of ACL graft failures is not only dependent on the existing anatomical conditions such as tibial slope but also dependent on acquired injuries and surgical technique. An increasing body of literature is indicating that central anatomical femoral tunnel placement is associated with higher revision rates compared to a more isometric tunnel placement at the anteromedial bundle area of the ACL.
1 Differences in graft isometry and subsequent graft strain forces may be a reason for these findings. The purpose of this study was to determine whether time to ACLR failure is dependent on tibial slope and to investigate whether transtibial and transportal ACLR failures show differences in mean lateral tibial posterior slope (LTPS). It is hypothesized that increased LTPS is associated with shorter time to ACLR failure and that LTPS is more influential in transportal ACLR.
Materials and methods
After approval by the local ethics committee, a cohort of 1480 consecutive patients who underwent ACL hamstring reconstruction surgery performed by a single surgeon between August 2000 to May 2013 was identified. In 1016 cases from August 2000 to May 2009, ACLR was performed using a transtibial technique, resulting in an eccentrically placed femoral tunnel within the original ACL footprint in the anteromedial bundle region. The surgical technique was changed in May 2009 to a transportal technique, in which the tibial and femoral tunnel were placed separately. This resulted in a longer and more anteriorly located tibial tunnel as well as a femoral tunnel placed centrally in the original ACL footprint. Graft fixation was ensured using suspensory femoral fixation (EndoButton/RetroButton) and a tibial interference device (Intrafix/Graftbolt) in all cases. ACLR failures were identified in both groups by means of clinical failure and MRI with or without subsequent ACL revision surgery. Thirtythree patients who had undergone ACLR with the transportal technique were identified as failures compared to 53 patients who had undergone ACLR with the transtibial technique. Patients were divided into the transportal failure group and transtibial failure group according to the surgical reconstruction technique and matched 1:1 with control participants who had undergone ACLR with a follow-up of minimum 4 years without signs of graft failure or insufficiency. Patients were matched by age, sex and surgical technique. MRI was accessible for 30 patients in the transportal failure group and for 30 patients in the transtibial failure group, which led to a total of 120 patients (including matched control participants) who were included in this study. Patients were anonymized and randomized for blinded assessment. MRI was used to determine the lateral tibial slope, according to the technique defined by Hudek et al., 15 which has shown acceptable inter-and intraclass correlation in the literature. An orthopaedic surgery consultant and an orthopaedic surgery resident performed the measurements on a radiology suite computer with the necessary software (OsiriX 7.5). Inter-class correlation was assessed. Data were investigated by non-parametric correlation using SPSS 23.0 by a professional statistician.
Results
The transportal failure group comprised 30 patients (9 females and 21 males; mean age 22 years, range 13-51 years) and the transtibial failure group comprised 30 patients (8 females and 22 males; mean age 23, range 10-38 years). Corresponding transportal and transtibial control groups were matched one-to-one by age, sex, graft and surgical technique. The transportal failure group showed a significantly higher mean tibial slope of 8.6 compared to the transportal control group with 7.1 (p ¼ 0.03). The odds ratio for graft failure in the transportal failure group was 1.4 per degree of increasing slope (95% confidence interval 1.05-1.87; p ¼ 0.02); this corresponds to an increased risk of graft failure of 40.5% for every degree of increasing slope. The transportal failure group showed a significantly higher mean tibial slope of 8.6 compared to the transtibial failure group with 7.2 (p ¼ 0.04). Increased tibial slope was associated with shorter time to reconstruction failure (p ¼ 0.002). The difference between slopes in the transtibial failure group (7.2 ) compared to the transtibial control group (7.1 ) was not significant (p ¼ 0.56). The intraclass correlation between slope measurements was 0.86.
Discussion
The primary finding of this study was that increased LTPS was associated with significantly increased risk of graft failure only in transportal ACLR, not in transtibial ACLR. An increasing body of literature is indicating that the susceptibility of ACL graft failures is dependent not only on physiological factors such as neuromuscular control but also on the geometrical shape of the knee joint including the intercondylar notch and the posterior lateral tibial slope 13, [15] [16] [17] [18] [19] [20] [21] Christensen et al. found that tibial posterior slope is increased in patients with early graft failure after ACLR; a 6 increase of tibial slope resulted in a 10 times higher risk of ACL graft failure.
14 Increased tibial slope has been shown to be associated with increased tibial internal rotation and valgus stress during landing manoeuvres. 22, 23 Previous studies using computer modelling have shown that increased tibial slope is also associated with higher ligament tension. 24, 25 Different surgical techniques may alter the influence of geometric features of the knee joint Journal of Orthopaedic Surgery 27 (1) on the ACL grafts. Central anatomical femoral tunnel placement as it has been performed in all transportal ACLR cases has been shown to be associated with higher revision rates compared to a more isometric tunnel placement at the anteromedial bundle region of the ACL footprint. 26 It is conceivable that increased lateral tibial slope increases graft strain in the ACL reconstructed knee, eventually contributing to early reconstruction failure. Furthermore, nonisometric tunnel placement in the centre of the femoral footprint may lead to increased graft strain which may be potentiated by increased tibial slope. Finally, the role of the tibial tunnel placement is not fully understood and may contribute essentially to the findings of this study. However, the susceptibility of ACLR failures is multifactorial including the surgical technique, neuromuscular conditions, patient age, level of function, timing of return to sport, compliance to rehabilitation protocols, acquired concomitant injuries and structural anatomy of the knee joint. 6, 10, 11, 20, 21, [27] [28] [29] As sagittal stabilization is also ensured by the menisci, higher ACL failures rates are seen when concomitant meniscal injuries are present. 30, 9 Li et al. showed that increased tibial slope is associated with increased anterior tibial translation in the ACLreconstructed knee; 9 this may not only affect graft strain but also increase the risk of notch impingement, especially when tunnels are mal-placed in patients with hyperlaxity. The fact that time to failure in this study is significantly dependent on tibial slope supports the concept and that tibial slope increases graft weakening forces. Furthermore, central anatomical tunnel placement leads to an anisometric graft which loses tension in flexion enabling increased anterior tibial translation which may be aggravated by increased tibial slope and subsequent increased anterior tibial translation. The concept that slope is more influential in anisometric placed grafts is supported by the fact that the transportal failure group showed a shorter mean time to failure in comparison with the transtibial failure group as well as an increased tibial slope in comparison with the control group. The transtibial failure group did not show significant differences in tibial slope compared to the control group which may indicate that tibial slope-related graft strain is less influential on isometric grafts. The present study has limitations; for example, the small number of patients, the risk of confounding and MRI measurement. In conclusion, the present study indicates that lateral tibial slope is an important factor in ACL failure pathology. Aggravating surgery-related factors such as tunnel mal-placement and overlooked meniscal pathology can increase the risk of ACL graft failure. Slope-correcting osteotomies are indicated for specific cases 31, 32 ; however, tibial slope should always be assessed before ACL revision surgery. Increased LTPS on preoperation MRI should stress the importance of correct tunnel placement, avoidance of notch impingement and assessment of meniscal pathology. Future studies are needed to focus on the relationship of meniscal pathology and tibial slope. (range 5.9-8.4, mean age 22.8 years, mean time to failure 17.4 months). The influence of LTPS will be investigated as soon as sufficient patients have been followed up. It is expected that LTPS will be less influential in these cases compared to central anatomical ACLR as the ACL graft has been placed more isometrically
Conclusion
Increased LTPS is associated with significantly increased risk of graft failure only in transportal ACLR, not in transtibial ACLR. Slope-related graft strain may be potentiated by anisometric ACL graft placement.
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